All nonsteroidal antiinflammatory drugs (NSAIDs) inhibit the cyclooxygenase (COX) isozymes to different extents, which accounts for their anti-inflammatory and analgesic activities and their gastrointestinal side effects. We have exploited biochemical differences between the two COX enzymes to identify a strategy for converting carboxylate-containing NSAIDs into selective COX-2 inhibitors. Derivatization of the carboxylate moiety in moderately selective COX-1 inhibitors, such as 5,8,11,14-eicosatetraynoic acid (ETYA) and arylacetic and fenamic acid NSAIDs, exemplified by indomethacin and meclofenamic acid, respectively, generated potent and selective COX-2 inhibitors. In the indomethacin series, esters and primary and secondary amides are superior to tertiary amides as selective inhibitors. Only the amide derivatives of ETYA and meclofenamic acid inhibit COX-2; the esters are either inactive or nonselective. Inhibition kinetics reveal that indomethacin amides behave as slow, tight-binding inhibitors of COX-2 and that selectivity is a function of the time-dependent step. Site-directed mutagenesis of murine COX-2 indicates that the molecular basis for selectivity differs from the parent NSAIDs and from diarylheterocycles. Selectivity arises from novel interactions at the opening and at the apex of the substrate-binding site. Lead compounds in the present study are potent inhibitors of COX-2 activity in cultured inflammatory cells. Furthermore, indomethacin amides are orally active, nonulcerogenic, anti-inflammatory agents in an in vivo model of acute inflammation. Expansion of this approach can be envisioned for the modification of all carboxylic acid-containing NSAIDs into selective COX-2 inhibitors.
C
yclooxygenase (COX; prostaglandin endoperoxide synthase, EC 1.14.99.1) metabolizes arachidonic acid to prostaglandin (PG) H 2 , which serves as the precursor for the biosynthesis of various PGs, thromboxanes, and prostacyclin (1) . COX activity originates from two distinct and independently regulated isozymes, COX-1 and COX-2 (2). COX-1 is a constitutive enzyme, whereas COX-2 is inducible and short-lived. COX-2 is the product of an immediate-early gene, and its expression is stimulated by a host of growth factors, cytokines, and mitogens (3) . COX-1 appears responsible for the biosynthesis of PGs in the gastric mucosa and in the kidney, whereas COX-2 appears responsible for biosynthesis in inflammatory cells and the central nervous system (4) . Nonsteroidal anti-inf lammatory drugs (NSAIDs) inhibit the two isoforms to different extents, and this feature accounts for their shared therapeutic properties and side effects (5) . The differential tissue distribution of the COX isozymes has provided a rationale for the development of COX-2-selective inhibitors as nonulcerogenic, anti-inflammatory, and analgesic agents (6) .
Most selective COX-2 inhibitors, including the recently approved drugs celecoxib (7) and rofecoxib (8) , belong to the diarylheterocycle class of compounds (9-11). Diarylheterocycles have been investigated extensively as COX-2 inhibitors since the description of the 2,3-diarylthiophene, DuP 697, as a nonulcerogenic anti-inflammatory agent (12) . In contrast, relatively few reports document structural modifications of NSAIDs into selective COX-2 inhibitors. Indomethacin (13, 14) , zomepirac (15) , aspirin (16, 17) , and flurbiprofen (18) are the only examples of NSAIDs that have been transformed successfully into COX-2-selective inhibitors. However, the methodologies used in their modifications are not general and required extensive structureactivity relationship (SAR) studies on individual compounds. For instance, replacement of the 4-chlorobenzoyl group in indomethacin with a 4-bromobenzyl moiety generates a COX-2-selective inhibitor (13) . In contrast, exchanging the carboxylate moiety in aspirin with alkyl sulfide functionalities affords specific COX-2 inhibitors (16, 17) .
We have exploited biochemical differences between the COX isoforms to improve upon the selectivity of carboxylatecontaining NSAIDs as COX-2 inhibitors. Cocrystallization and site-directed mutagenesis studies have confirmed that ion pairing of the carboxylic acid group in NSAIDs and arachidonate to the positively charged R120 residue in COX-1 is a major contributor to both inhibition and catalysis (19) (20) (21) (22) . However, recent studies reveal that ion pairing of the carboxylate moiety of arachidonate with R120 is not as important a determinant of catalysis by COX-2 (23). In addition, anandamide, the ethanolamide derivative of arachidonic acid, is reported to be a selective COX-2 substrate (24) . Based on these observations, we hypothesized that derivatization of the carboxylate moiety in NSAIDs would eliminate their ability to inhibit COX-1 without significantly affecting their COX-2 inhibitory properties. Because many NSAIDs contain a carboxylic acid group, this would represent a general strategy for the conversion of nonselective NSAIDs into selective COX-2 inhibitors.
We report the successful transformation of a substrate analog inhibitor and NSAIDs from the arylacetic acid and fenamic acid classes into selective COX-2 inhibitors. The facile nature of this approach features a single chemical derivatization (amidation or esterification) of the carboxylate moiety in NSAIDs, which generates an impressive array of potent and highly selective COX-2 inhibitors. Lead compounds in this series exhibit antiinflammatory activity after oral administration but do not induce gastric lesions. Site-directed mutagenesis identifies regions in the COX-2 protein that are responsible for the selectivity of inhibition exhibited by this novel class of inhibitors.
Materials and Methods
Materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Arachidonic acid (Ϸ55-57 mCi͞mmol) was purchased from DuPont͞NEN or American Radiolabeled Chemicals (St. Louis). Hematin was purchased from Sigma. COX-1 was purified from ram seminal vesicles (Oxford Biomedical Research, Oxford, MI) as described (25) . The specific activity of the protein was 20 mol O 2 ͞min⅐mg, and the percentage of holoprotein was 13.5%. ApoCOX-1 was prepared as outlined (26) . Apoenzyme was reconstituted by the addition of hematin to the assay mixtures. Human COX-2 was expressed in SF-9 insect cells by using the pVL1393 expression vector (PharMingen) (27) . ETYA (5,8,11,14-eicosatetraynoic acid), indomethacin, and meclofenamic acid were purchased from Sigma. All other chemicals were obtained from Aldrich. Ester and amide derivatives were synthesized by coupling the carboxylic acid with appropriate alcohols or amines in the presence of dicyclohexyldicarbodiimide, bis-(2-oxo-3-oxazolidinyl)phosphonic chloride, or 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride. All new compounds were characterized by 1 H-NMR, 13 C-NMR, and MS. Detailed SAR studies and synthetic procedures will be published elsewhere. Site-directed mutagenesis was performed as described (27) . Wild-type and mutant murine COX-2s were expressed in SF-9 insect cells from baculovirus vectors (PharMingen) and purified by ion-exchange chromatography and gel filtration. All of the purified proteins were shown by densitometric scanning of a 7.5% SDS͞PAGE gel to be Ͼ80% pure. The peroxidase activity of all purified proteins was measured by using the guaiacol peroxidase assay. Inhibition assays in triplicate were performed by preincubating enzyme (60-80 nM) and inhibitors (0-5 M) for 20 min at 25°C followed by the addition of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]arachidonic acid (50-120 M) for 30 sec at 37°C.
Carrageenan-Induced Rat Foot Paw Edema Assay. All procedures were performed according to approved animal protocols (M͞ 98͞251; Vanderbilt University Animal Care Committee). Male Sprague-Dawley rats (Harlan-Sprague-Dawley) (150-175 g) were fasted for 18 hr and then injected with -carrageenan (0.1 ml of a 1% suspension in 0.85% saline; Fluka) into the right hind footpad. After 1 hr, 90 l of DMSO or 90 l of inhibitor in DMSO was added to 6 ml of corn oil, and the rats were gavaged with 0.5 ml of the corn oil suspension containing DMSO or inhibitor. The ipsilateral footpad volume was measured with a water displacement plethysmometer (Ugo Basile, Varese, Italy, distributed by Stoelting) at 3 hr postinjection and compared with the initial preinjection paw volume. Inhibitor concentrations were varied with six animals per group. Each experiment was performed in duplicate.
Microsomal Metabolism Experiments. Liver microsomes were prepared from Sprague-Dawley rats by differential centrifugation (28) and stored in 10 mM Tris buffer, pH 7.4, containing 1 mM EDTA and 20% glycerol at Ϫ80°C. Human liver microsomes were a gift from F. P. Guengerich (Vanderbilt University). Protein content was determined by a bicinchoninic acid protein assay (Pierce), and cytochrome P450 content was determined from the carbon monoxide difference spectrum (29) . Compound 19 (10 M) was incubated with microsomes for 2 min at 37°C in 50 mM phosphate buffer, pH 7.4, and metabolism was initiated by addition of NADPH. Reaction was terminated by addition of an equal volume of ice-cold acetonitrile, and the samples were placed immediately on ice. Samples were frozen at Ϫ80°C before solid-phase extraction and analysis by HPLC.
Gastrointestinal Ulcerogenicity. Male Sprague-Dawley rats (150-175 g) were fasted for 18 hr with free access to water. DMSO or inhibitor in DMSO was mixed with 60 l of absolute ethanol and 60 l of Tween 80 before addition of 5.82 ml of PBS. The animals (n ϭ 6 per group) received an oral gavage of 0.5 ml at the indicated dosages at t ϭ 0 hr and food at t ϭ 8 hr, followed by euthanization with carbon dioxide at t ϭ 24 hr. The stomach and 3 cm of the adjoining duodenum were excised, opened along the greater curvature, and rinsed with cold PBS. The antrum of the stomach and the first 3 cm of the duodenum were examined for lesions with a dissecting microscope. The incidence is reported as the combined number of rats in duplicate experiments that contained one or more major lesions (1-mm length or greater).
Results
Selective COX-2 Inhibition by Amide Derivatives of ETYA. The selective COX-2 substrate properties of anandamide prompted us to prepare the ethanolamide derivative 1 of the COX-1-selective inhibitor, ETYA (30) , as a potential COX-2-selective inhibitor. Although 1 was inactive against the COX isoforms, the 3-phenylpropyl amide analog 2 exhibited modest COX-2-selective inhibition, compared with ETYA (IC 50 COX-1͞COX-2 ϭ 4 vs. 0.1, respectively). Substituted aromatic amides, such as the 3-(4-methoxyphenyl)propylamide 3, also exhibited modest, but selective, COX-2 inhibition (IC 50 COX-1͞COX-2 ϭ 2). Although we did not undertake an extensive SAR analysis in the ETYA series, these studies demonstrated a ''proof-of-concept'' that modification of carboxylate groups in relatively COX-1-selective inhibitors can alter the selectivity toward the two isoforms.
Selective COX-2 Inhibition by Amide and Ester Derivatives of Indomethacin. Our preliminary results with ETYA encouraged us to analyze NSAIDs as targets for derivatization. Indomethacin was chosen from the arylacetic acid category of NSAIDs. Like ETYA, indomethacin is a slow, tight-binding, relatively COX-1-selective inhibitor (31), but conversion of its carboxylate to a methyl amide (4), methyl ester (5), or an ethanolamide (6) led to compounds that exhibited potent and selective COX-2 inhibition (Table 1) . Apart from alkyl derivatives, many aromatic analogs also displayed COX-2-selective inhibition as illustrated by aromatic amide and ester derivatives 7 and 8, respectively. COX-2 selectivity, particularly in the aromatic ester series, was extremely sensitive to the nature and position of substituents on the phenyl ring. For example, the 4-methylmercaptophenyl ester 9 was only 8-fold selective as a COX-2 inhibitor, whereas the 2-methylmercaptophenyl isomer 10 was Ͼ1,100-fold selective as a COX-2 inhibitor. Interestingly, replacement of the 4-methylmercapto group in 9 with a 4-methoxy substituent (compound 8) also regenerated selectivity. As observed with 9, the 4-fluorophenyl (11) and the 3-pyridyl (12) esters exhibited dramatic losses in selectivity. COX-2 selectivity was regained by simply exchanging the ester linkage with an amide group (compounds 13-15). Interestingly, tertiary amides exemplified by 16 and 17 revealed little or no COX inhibition at the concentration range studied. However, primary amide analog 18 revealed potency and selectivity similar to many of the secondary amides. A crucial determinant of inhibitory potency was the presence of the 4-chlorobenzoyl group on the indole ring. Its replacement in amide 19 or ester 20 with a 4-bromobenzyl group generated inactive compounds (analogs 21 and 22) (see Table 1 ). To compare the inhibitory potency of indomethacin amide and ester derivatives with that of the previously reported COX-2 inhibitor 23, we synthesized 23 (13) and evaluated its inhibitory potency against human COX-2 and ovine COX-1. Although 23 displayed selective COX-2 inhibition, its COX-2 inhibitory potency was much less than most of the potent amide or ester analogs in the series. For example, the phenethyl amide derivative 19 was Ϸ40-fold more potent as a COX-2 inhibitor and Ϸ50-to 100-fold more selective than 23.
Selective COX-2 Inhibition by Amide Derivatives of Meclofenamic
Acid. This methodology was expanded further to include meclofenamic acid, as an example from the fenamic acid class of NSAIDs. Meclofenamic acid is a nonselective inhibitor of the COX isoforms (32) . The corresponding methyl amide 24, however, exhibited some COX-2-selective inhibition ( Table 2) . As evidenced in the ETYA series, alkyl or aryl esters were either nonselective or inactive as COX inhibitors. Therefore, further SAR analysis was limited to amides only. Increments in the alkyl chain length of 24 increased potency and incorporation of a terminal halogen in the alkyl chain increased selectivity as shown with the 3-chloropropyl amide 25. Introduction of a terminal hydroxyl group in the alkyl chain, however, led to significant losses in potency and selectivity as seen with the ethanolamide 26. Potency and selectivity were regained by functionalization of the hydroxyl group in 26 as illustrated with the phenoxy analog 27. Compound 27 was the most selective inhibitor in the meclofenamate series, with a COX-2 selectivity ratio of 440. Apart from 27, certain O-(substituted)hydroxamate derivatives (compounds 28 and 29) also demonstrated good COX-2-selective inhibitory properties. Replacement of the oxygen in the hydroxamate moiety in 28 with a methylene generated 30, which exhibited loss of potency and selectivity. A striking feature in the SAR analysis was the inhibitory profile of meclofenamic acid-amino acid conjugates. Thus, derivatives in which the carboxylate moiety in amino acid conjugates was esterified (compound 31) displayed potent and modestly selective COX-2 inhibition, whereas com- . Furthermore, 19 did not display any significant competitive inhibition of COX-1 or COX-2 at concentrations 10-fold greater than that of arachidonate, whereas SC-58092 was an excellent competitive inhibitor of both isoforms at low inhibitor concentrations (0.05-0.50 M). Therefore, COX-2 inhibition kinetics of indomethacin amides are different from those observed with other COX-2-selective inhibitor classes such as the diarylheterocycles and the acidic sulfonamides (34) .
Site-directed mutagenesis provided an opportunity to probe the molecular basis for the interaction of NSAID analogs with murine COX-2 (Table 3) . Several site-directed mutants, including the R120Q and R120A mutants, were constructed as representatives of active-site regions important for the binding of indomethacin and meclofenamic acid (15) (16) (17) (18) . Although the R120Q mutant was resistant to inhibition by indomethacin, it was potently inhibited by ester 8 and amide 19. Furthermore, the indomethacin analog 23, which contains a free carboxylate group, was much less active than indomethacin esters and amides against wild-type protein and was unable to inhibit the R120Q mutant (see Table 3 ). Surprisingly, meclofenamic acid, which also contains a free carboxylate moiety, inhibited the R120A mutant at a potency comparable to the wild-type enzyme. Likewise, the IC 50 values for the inhibition of wild type and the R120A COX-2 mutant by the phenoxyethyl amide derivative of meclofenamic acid (compound 27) were similar (Table 3) . These results confirm our hypothesis that the R120 interaction is not essential for selective COX-2 inhibition by NSAID amides and esters.
Together with R120, Y355 forms a constriction at the mouth of the substrate access channel and is an important determinant of NSAID binding (15, 19, 35) . Indomethacin and both 8 and 19 were incapable of inhibiting the Y355F mutant. Likewise, no inhibition of the Y355F mutant was discernible with meclofenamic acid and the corresponding amide derivative 27. The E524L mutant, a residue positioned at the mouth of the COX channel that forms a salt bridge with R120, was potently inhibited by indomethacin but not by 8 or 19. Meclofenamic acid as well as the corresponding amide 27 inhibited the E524L mutant, albeit at a slightly lower potency. The possibility that S530, the site of aspirin acetylation (36, 37) , could influence COX inhibition by indomethacin, meclofenamic acid, and their corresponding derivatives also was examined. IC 50 values for the S530A inhibition by indomethacin, meclofenamic acid, 8, 19, and 27 were similar to those observed with the wild-type enzyme. Furthermore, the parent NSAIDs and their derivatives, 8, 19, and 27, were potent inhibitors of the V523I and V434I͞R513H͞ V523I mutants, residues that are responsible for the COX-2 selectivity of diarylheterocycles (38) (39) (40) .
Comparison of the COX structures reveals that the conserved L384 is oriented differentially in the COX-1 and -2 active sites, because of the effects of a residue at position 503. In COX-1, the presence of a phenylalanine at position 503 results in the placement of the L384 side chain into the active site. In COX-2, a smaller leucine at position 503 allows the L384 side chain to orient away from the active site and generates a solvent accessible space in the apex of the COX-2 active site. To test the possibility that this region contributed to the selectivity of the esters and amides, we assessed our inhibitors and the parent NSAID against the L503F mutant. IC 50 values for the inhibition of this mutant and wild-type enzyme by indomethacin were comparable. However, ester 8 and amide 19 were significantly less potent as inhibitors (see Table 3 ). Likewise, indomethacin analog 23 did not inhibit this mutant, suggesting some similarity in the molecular basis for selective COX-2 inhibition. However, meclofenamic acid and its corresponding amide 27 were able to inhibit the L503F mutant with similar potency as observed with wild-type enzyme. Overall, these results establish that the COX-2 selectivity by indomethacin analogs arises from a combination of novel interactions at the mouth of the COX-2 active site with Y355 and E524 and at the apex of the active site with L503. These results also suggest subtle differences between the interactions of the esters and amides at the COX-2 active site. No apparent differences in the inhibitory profile of meclofenamic acid and amide 27 against the various mutants are discernible from this study. Both the free acid and the amide 27 are inactive against the conserved Y355F residue. Therefore, the COX-2 selectivity of 27 must arise from interactions elsewhere in the active site.
Inhibition of COX-2 Activity in Intact Cells. The ability of indomethacin ester and amide derivatives to inhibit COX-2 in intact cells was assayed in RAW264.7 macrophages in which COX-2 activity was induced by pathologic stimuli. The macrophages were exposed to lipopolysaccharide and IFN-␥ to induce COX-2 and To test the hypothesis that selective COX-2 inhibition by indomethacin amides is anti-inflammatory but nonulcerogenic, we analyzed the in vivo anti-inflammatory properties of two indomethacin amides (compounds 7 and 19) in the carrageenan-induced rat footpad edema model after oral administration. Maximal edematous response in the carrageenan-injected right hind paw (0.7-0.9 ml) in control animals (n ϭ 6) occurred 3 hr postinjection, and administration of indomethacin 1 hr after carrageenan reduced paw volume with an ED 50 value of 2 mg͞kg. This value is comparable to the literature value (41) . Both 7 and 19 displayed anti-inflammatory effects with ED 50 values of 0.8 mg͞kg and 1.5 mg͞kg, respectively. As shown in Table 4 , oral administration of indomethacin at 10 mg͞kg (5-fold higher than the ED 50 value) produced gastric lesions in six of 12 rats. In contrast, oral administration of 7 and 19 at 50 mg͞kg (Ϸ50-fold higher than the ED 50 value) was nonulcerogenic. These data are consistent with the lack of COX-1 inhibitory activity of compounds 7 and 19 and suggest that their anti-inflammatory activities are not caused by their hydrolysis to indomethacin. The plasma stability of amide 19 was assessed by incubating 20 g with 500 l of human plasma for 18 hr at 37°C. After organic extraction, the formation of indomethacin in plasma was monitored by tandem MS with electrospray ionization. Examination of parent ions yielding a daughter ion at m͞z 140 (4-chlorobenzoyl moiety common in indomethacin and 19) upon collision-induced dissociation (CID) revealed a single molecular ion at m͞z 461 with a CID spectrum identical to a synthetic standard of 19. In contrast, when plasma samples treated with indomethacin and 19 (50 g and 20 g each) were analyzed, two molecular ions at m͞z 358 and 461 generated fragments at m͞z 140 upon CID. These molecular ions generated CID identical to indomethacin and 19, respectively. Thus, indomethacin amides such as 19 do not appear to be hydrolytically labile in plasma. Finally, compound 19 was incubated for varying times with rat liver microsomes or human liver microsomes in the presence or absence of NADPH. The incubation mixtures were quenched with acetonitrile and analyzed by HPLC. No products that coeluted with indomethacin were formed under any conditions, even when significant metabolism of compound 19 was detected. All of the in vivo and in vitro data suggest that 19 and, by inference, the other amide derivatives are not converted metabolically to indomethacin.
Discussion
The findings in this report validate our hypothesis that neutralization of the carboxylate of NSAIDs can generate COX-2-selective inhibitors. As predicted from the differential effect of R120 mutations in COX-1 and COX-2 on arachidonate oxygenation, esterification or amidation of NSAIDs abolishes COX-1 inhibitory activity while maintaining COX-2 inhibitory activity. SAR analysis reveals that structurally diverse functionalities can serve as part of the ester͞amide linkage in indomethacin, resulting in highly selective COX-2 inhibitors. Based on these observations and the array of readily available amines and alcohols, one can envision the development of a clinical candidate with an ''ideal'' pharmacological profile, solely based on the indomethacin template.
Preliminary biochemical analysis of indomethacin amides as COX-2 inhibitors reveals that they conform to the two-step kinetic mechanism, typical of slow, tight-binding NSAIDs. However, the time course of COX-2 inhibition is much slower for indomethacin amides than diarylheterocycles. These results presumably reflect a slow on-rate for the initial association of the amides with COX-2. A useful consequence of this slow on-rate is the complete absence of competitive inhibition of either COX-2 or COX-1 by the indomethacin amides. Competitive inhibition of COX-1 has been observed for some diarylheterocycles and presents a practical limitation to the in vivo selectivity of this class of inhibitors (34, 42) .
As predicted, COX-2 inhibition by indomethacin amides and esters is unaffected by mutations of R120. This differs from the effect of this mutation on inhibition by indomethacin, zomepirac, and several of their analogs. COX-2 inhibition by indomethacin amides and esters depends on Y355 and E524. Furthermore, indomethacin does not inhibit the Y355F mutant. The latter result is consistent with the observation that the Y355F COX-1 mutant is resistant to the inhibitory effects of indomethacin (20) . For reasons that are unclear, our results on the lack of inhibition of the Y355F COX-2 mutant by indomethacin are opposite to those obtained by Swinney and colleagues (43) , who reported that indomethacin was a better time-dependent inhibitor of the Y355F human COX-2 mutant.
Residues that account for the COX-2 selectivity by diarylheterocycles are not important for the selectivity demonstrated by NSAID amides and esters. However, the ''leucine tickle region'' in COX-2 (15), which results from the presence of a leucine at position 503 instead of a phenylalanine as in COX-1, is important for COX-2 potency and selectivity by NSAID analogs, as well as indomethacin analog 23. The inhibitory potency of the parent NSAIDs, however, is not affected by mutations in this region of the protein. Thus, NSAID amides and esters interact with unique combinations of regions in the COX-2 protein; the substituted amide or ester linkage interacts with Y355 and E524 at the mouth of the active site, whereas the 4-chlorobenzoyl moiety interacts with the leucine tickle region.
As with the indomethacin derivatives, meclofenamate amides do not require R120 for COX-2 inhibition. Unlike indomethacin, which is inactive against the R120A mutant, meclofenamic acid is an inhibitor of this mutant, albeit with a slightly higher IC 50 value. This result is consistent with that obtained by several other groups (21, 22, 44) . However, the reason(s) for the inhibitory effects of a free carboxylate-containing NSAID against R120A is unclear. The general consensus that all carboxylate-containing NSAIDs bind to R120 therefore must be viewed with caution. Except for the Y355F mutant, which was resistant to the inhibitory effects of meclofenamic acid and its corresponding amide 27, all other mutants were inhibited potently by 27 and the parent NSAID. Because this residue is conserved in the two isozymes, COX-2-selective inhibition by 27 must arise from interaction(s) of its phenoxyethyl group with residue(s) below the constriction site formed by R120 and Y355. Indomethacin amides and esters inhibit COX-2 activity in macrophages and are potent anti-inflammatory agents in the rat footpad carrageenan-induced edema model. The ED 50 values for oral activity of the candidate amides (1-1.5 mg͞kg) are similar to that of indomethacin (2 mg͞kg). Unlike indomethacin, the corresponding amides were nonulcerogenic even at doses well exceeding their therapeutic efficacy. The similarity in antiinflammatory activity between 7, 19, and indomethacin and the lack of ulcerogenic activity in 7 and 19 suggest that their anti-inflammatory activity is not caused by hydrolysis to indomethacin. This is supported by plasma stability studies and in vitro experiments with rat liver and human liver microsomes. No conversion of compound 19 to indomethacin was detected under any conditions. Although amidation of meclofenamic acid also results in many potent and selective COX-2 inhibitors, further optimization may be necessary to improve the potency and selectivity of the current derivatives. The strategy outlined in this report should be general for all carboxylic acid-containing NSAIDs although different amide or ester substituents may be required for each NSAID. Because amides and esters are generated in a single step from the parent NSAID, combinatorial chemistry should facilitate the optimization process.
